The protobranch bivalve Solemya velum Say (Mollusca: Bivalvia) houses chemoautotrophic symbionts intracellularly within its gills. These symbionts were characterized through sequencing of polymerase chain reaction-amplified 16S rRNA coding regions and hybridization of an Escherichia coli gene probe to S. velum genomic DNA restriction fragments. The symbionts appeared to have only one copy of the 16S rRNA gene. The lack of variability in the 16S sequence and hybridization patterns within and between individual S. velum organisms suggested that one species of symbiont is dominant within and specific for this host species. Phylogenetic analysis of the 16S sequences of the symbionts indicates that they lie within the chemoautotrophic cluster of the gamma subdivision of the eubacterial group Proteobacteria.
Procaryote-eucaryote associations in which marine invertebrates harbor chemoautotrophic bacteria as endosymbionts appear to be widespread in marine habitats such as deep-sea hydrothermal vents and coastal sediments (8, 15) . In such symbioses, the procaryotes utilize the energy released by the oxidation of reduced inorganic substrates, such as hydrogen sulfide, to fix carbon dioxide via the CalvinBenson cycle (7, 13) . The hosts appear to derive nutrition from their endosymbionts and in turn provide the symbionts simultaneous access to the substrates from anoxic and oxic environments which are necessary for energy generation. Maintenance of such intracellular symbionts presents a novel metazoan acquisition of procaryotic energy generation and autotrophic carbon fixation.
While the existence of chemoautotroph-invertebrate sym- bioses is now generally accepted, little is actually known about the symbionts observed in the tissues of any of the hosts because none have been cultured. Comparison of rRNA sequences has greatly facilitated the identification of bacteria, including unculturable microorganisms, and the elucidation of their natural relationships (38) . Phylogenetic analysis of 16S rRNA sequences enabled Distel et al. (12) to establish that the chemoautotrophic symbionts of the hydrothermal vent tubeworm and five species of bivalves of the subclass Lamellibranchia are related and cluster in the gamma subdivision of the Proteobacteria (formerly purple photosynthetic bacteria), one of the 11 major groups of eubacteria (30) .
In this investigation we sought to establish the phylogenetic relationships and the species specificities of the symbionts of the protobranch bivalve Solemya velum Say, an Atlantic coast clam which has been studied as a shallowwater model of invertebrate-chemoautotroph associations (7, 9, 10) . The phylogenetic placement of the S. velum symbionts, to date limited to sequence analysis of the 5S rRNA, indicates that these symbionts also fall in the Proteobacteria gamma subdivision (31 The strong amplification from gill tissue DNA and lack of amplification from foot tissue DNA (Fig. 1) supports the conclusions from studies of enzyme activity, electron microscopy (9) , and 5S rRNA sequences (31) 16S rRNA gene sequence. Amplified DNA, purified using low-melting-point agarose (29) , was sequenced directly using synthetic oligonucleotide primers (19, 36) and the U.S. Biochemical Sequenase Kit with glycerol (34% final concentration) added to the DNA denaturation step (37) . Both strands of the amplified 16S rRNA gene were sequenced completely for one animal, a total of 1,460 bp. The 16S genes amplified from two other individual clams were partially sequenced (nucleotides 102 to 306, with numbers corresponding to those for E. coli [6] ). The sequences of all three animals were identical in this region, which includes both variable and conserved portions of the molecule. Variability in the 16S rRNA sequences of symbionts from an individual, which would show up as either ambiguous sites or sites with high background, was not observed for any of the animals, indicating that only one bacterial rDNA was amplified. These results, coupled with the finding of identical partial sequence in three animals, indicated that the 16S rRNA gene was amplified from the S. velum symbionts and not from a free-living surface contaminant.
Southern blot and hybridization analysis. Restriction enzyme analysis of S. velum genomic DNA was conducted for three reasons: (i) to confirm that the 16S rRNA gene amplified was that of the gill endosymbionts, (ii) to examine restriction site variability between individual S. velum and (iii) to determine the number of rRNA gene copies in the symbiont genome. Enzymes were chosen on the basis of a restriction map predicted from the sequence of the 16S rRNA gene amplified from S. velum gills (Fig. 2) (Fig. 2) . The high-molecular-weight bands inAvaI and BglII digests are a result of partial digestion (data not shown). Numbers to the sides of the blots indicate molecular size standards (in kilobases). fragment patterns resulting from this set of enzymes were unique to the sequence of the amplified gene, as determined by a search of all sequences of the 16S rRNA data base (24) and of the other chemoautotrophic symbionts (12) .
Genomic DNA (5 ,ug) was digested with restriction enzymes according to the manufacturer's instructions. Gill tissue DNA from nine different animals was cut with three to nine enzymes, with at least three animals used for each enzyme. Southern blots were performed by the method of Maniatis et al. (21) . The 16S rRNA gene of E. coli, amplified using PCR (see above), was used as a probe. The probe was radioactively labelled by using the Random Priming Labeling Kit (Bethesda Research Laboratory) and [a-32P]dATP (6, 000 Ci/mmol; New England Nuclear) according to the supplier's instructions and purified using a Sephadex G50 column (21 (Fig. 2 and 3 ). This suggested that the gene amplified was dominant in the S. velum gills. For 00 0000 00 0000 000000 00000000000000 '--4 ClCl r-00 00 00 00 0000 0000000 0000000c~000r-r-4 "-C4
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''W)r4 ,-rC ICI 00 00 00 0000 00 0000 00 00 00 N00 C14 ICIC The restriction patterns of 16S rRNA coding regions for DNA extracted from S. velum gills were identical for all nine clams examined; representative results are shown in Fig. 3 . This, along with the lack of variability in the partial sequence of 16S rDNA for three individuals, suggests that there is a single dominant bacterial species within S. velum and that the host-symbiont association is species specific. This result is in agreement with the findings of Distel et al. (12) for lamellibranch bivalve and tubeworm chemoautotrophic symbionts.
Single bands were evident for all enzymes predicted to cut outside or near the ends of the gene such as AvaI, Bcll, EcoNI, PvuII, XhoI (Fig. 3) , and NcoI (band size, 9,600 bp; data not shown). Some of these enzymes generated restriction fragments larger than that of a typical bacterial ribosomal operon (which includes the 5S, 16S, and 23S rRNA genes [-5 kb] ), indicating that the single bands observed were not generated by double cuts within multiple operons. Furthermore, only two bands were observed for enzymes predicted to cut near the middle of the 16S rRNA gene such as EcoRI (Fig. 3B) and StuI (bands of 4,400 and 19,500 bp; data not shown). Thus, all enzymes in all animals generated patterns consistent with the presence of only one copy of the 16S rRNA gene in the symbiont genome (Fig. 3) . However, it should be noted that a large duplication of the region containing the rRNA operon with no subsequent changes at any of the nine restriction sites could escape detection by this analysis.
These results suggest that the symbiont genome contains but a single rRNA operon. Bacterial rRNA operons (rm), which include the 5S, 16S, and 23S rRNA genes, vary considerably in number among bacteria. In contrast to free-living species of Proteobacteria, which have 4 to 7 rm loci (18) , only one copy has been detected in other endosymbionts including both the primary (P) and secondary (S) symbionts of the pea aphid, Acyrthosiphon pisum (33) (included in Fig. 4) . Multiple rRNA operons have generally been thought necessary to support a high rate of rRNA synthesis in rapidly dividing cells (3, 22) . Unterman and Baumann (32) Table 1 . Phylogenetic trees were constructed from evolutionary distances by the least-squares method of De Soete (11) and by parsimony analysis with bootstrapping (14) , using the Treetool computer program (20) . A phylogenetic tree based on evolutionary distances (Fig.  4) indicates that the symbionts fall within the gamma subdivision of the Proteobacteria (30) and is consistent with earlier results based on comparison of 5S rRNA (31) . This topology is also supported by parisimony analysis with bootstrapping. The 16S rRNA gene sequence indicates that the S. velum symbionts fall between the two branches of the chemoautotrophic symbiont cluster (Fig. 4) . One branch includes the vent tubeworm Riftia pachyptila, and three lucinid clams, Lucinoma annulata, Lucinoma aequizonata, and Codakia orbiculanis, and the other branch includes the symbionts of the vent clam Calyptogena magnifica, the vent mussel Bathymodiolus thermophilus, and the free-living chemoautotroph Thiomicrospira sp. strain L-12. Alterations of the positions analyzed and variations in order of sequence addition always resulted in the same topology of branch points of the chemoautotrophic symbionts. While the Proteobactena class includes many species found in association with eucaryotes, including both parasitic and mutualistic symbionts of plants (e.g., agrobacteria and rhizobia) and animals (e.g., enteric organisms and rickettsiae) (30) , the positions of S. velum symbionts in the tree supports the conclusion of Distel et al. (12) that the chemoautotrophic symbionts are from an evolutionarily distinct group of bacteria.
While the symbionts as a whole appear to have a common origin, the evolution within the cluster is complex. Distel et al. (12) suggested that the symbiosis has evolved separately in many host lineages, because the symbiont trees do not parallel the host classifications which are, unfortunately, not based on explicit phylogenies. The evolutionary separation between the bivalve subclasses Lamellibranchia and Protobranchia, which are considered to be closest to the ancestral bivalve condition, is well characterized morphologically and in the fossil record (2, 27) . If lamellibranchs truly arose from protobranchs, then the topology of this tree placing the symbionts of a protobranch between two branches of lamellibranchs (Fig. 4) lends strong support to the idea of multiple origins of the symbioses. Further studies of host invertebrate evolutionary histories are needed so that the phylogenetic relationships of symbionts may be compared with those of their hosts, enabling us to resolve the possibility of polyphyletic origin of chemoautotrophic symbioses. In addition, future characterization of the 16S rRNA of symbionts from several species within a given genus such as Solemya, will help determine whether the symbiosis has evolved a single time within a particular lineage, as suggested for the lucinid bivalves (12) .
Nucleotide sequence accession number. The 16S rRNA sequence reported here has been submitted to GenBank and given accession number M90415. 
